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LASER NEUTRALIZATION

Otis Peterson

Chemistry Division
Los Alamos National Laboratory
Los Alamos, Nt?w Mexico 8’7545

September 5, 1986

Lzser photodetachment of’ the I?xcess electron to neutralize relativistic
ions offers many advantiig~!s over t,h(~ more conventional oollisional methods
using gases or thin foils as th(? nnutralizatit)n agents. St!veral of’ thege

advantages are delineated in Fig. 3 ;Ind will lw? expanded upon in the rest of
this document. Probably the two most importnrlt tldvantages of laser photode-
tachment are the generation of a compact and low divergence beam, and the
production of intense neutral beams at very high efficiency (approximately

90;) . The high intensities or high current densities of the neut~al beam
result from the fixed maximum divergence that can be added to the beam by
photodetachment of the charge using laser intensity of fixed wavelength and
Incidi?nt angle. The high neutralization efficiency is possible becaus~ there
1s no theoretical maximum to th(? n[!utralizatlon efficiency, although higher
efficiencies require higher laser powers and, therefore, costs. Additional
:Idvantages Includv focu~i~bil ity of the laser ltght onto the ion beam to m:~xi-
mlze tts efficacy. There cort;llnly 1s no rt?sldual gns left in the Dartlclc
bonrn pnt.h an is typical with gas n(?utr;lllzc?rs. The photodt:tnchment process
Ie;lvr?s thn noutrnl atoms in the ground statn so there is no cx(?lted state
fllir)r-(’fl(:(?tl~(! to lntcrft?rc wtth th(! nutrsequ[!nt buarn st?nsing. Finally, slnr?o the
bcnms to ht? nl!utrnliz{?ri art! v(!ry hl~h powww!d, for a lnrge rilllgc of neutr’:lllza-
tior? (!f’~lcloncif!a t,h[? nr?utr’;.11 bf?;lm C;III k lncrei]acd more by lrrcr-(walng Lh(!

powor if; th~ lnm!r neut,r;lll;:er th;ln by mlrllng :In r?qu;ll amount of power to t.hf~
prlmnry i.l(!~l: lf’r:lt.!lr’.

Thn ncut.r:lilz;lt,lon (!h;lmt)ur’ in It+ r?onceptlonnl crmrlKur*aLlon [H 11111:1-

trnt,r’d In Fig. U. Thl,l uhnmbor muot cont;lln t,he l;lw!r h[?nm f’or :1 v{v’y lilr’K(!

numh!?l’ of p{l:l:l(!:l r)f’(?;lu,ll’ t,hf! nrnul 1 ;Ib:m’pt. I nn cnnf’f’ 1c 1[vll, f:h,nrn[?t, or 1,nt,I (! or’ t.h(!
lnrr l;uR!!t,hI!r wlt,h L}lI’ v[’ry Hm:lll [Il?nslt,y Or Imr:l prnr:llidr!n ;Iny sl~nlflr!;lllt
:111::1,’”pt. 1orl of’ 1,1,~~ I)I!;lm hy Lhc I nn:l. Tho on I y mfvl:lur;ih I I! 10:1:1 nr h! I :I:w’r
phljLf ,rl:l (:r)nrfl:} rr”f)rn t,hl! rnlll~ll)lf, r“f!f’11.l!l,lotlfl Wlt,hlrl t,hl! [?}l;lml)or. lif’f’lf!ll~ntj
Ilt.1 I l::’lt, lf)ll fir’ I.}11* 1:1:11’r’ photjorl:l ISIIflII I 1*11:1 1,}1;1!. t,h(~ ml r’r”of” f~lif’r:lf:[!:~ II;IVII \ ~v’y
h~Ktl l“llrlOl!!.lVil.y, I){!t.wfviri r).’)(l(l ;In(l 0,99q9, :Inrt t.hnt, Lhl’ uh;lmhor ~llrmrf!tcl’y
pllrm I L ;I VI~IIy ] ;II~MII llllml)l.1~ tI[’ ]XI:; :III:I l.}ltlllll@l t }11, l~}l;lmlll,p ~,1) t,;lk{, ;IIIV;III1.;I~I. !)!’
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the beam has made many transits through the chamber and finally makes its way
back to the entrance aperture? and escapes. The unit magnification characteris-
tic of cylinders makes many optical aberrations vanish, which insures faithful
replication of the focus on the multiple passes.

The axially integrated intensity as a function of the distance from the
axis of the chambrr is displayed in Fig. 6 for a large number of Gaussian beams
incident on the :ixis from all mgles. The intensity falls off as I/r for large
rad~l but is sharply peaked on the axis whera it can effectively neutralize the
ion beam. For comparison purposes, the constituent lase:’ beam is displayed
together with the Gaussian particle beam.

The laser power required to neutralize the ion beam using the lnt.egrated
intensity profile as shown in Fig. 6 has been evaluated and 1s displayed in
Fig. 7. The calculation pt?rforr,m! to determine the functional relationship
displayed in the figure has assumed that the mirror surface has a reflectivity
of 0.9999 and that the chamber has bee:l designed to effectively USI? up all of
the incoming laser photons. The calculntlons were performed to map out the
geometric and laser intensity parameter space. Tt was found that for a large
portion of this parameter space there was a minimum in the power required to
achieve a fixed neutralization fraction. To achieve this minimum in the laser
power required that the laser be tightly focused and that the laser be ex-
tremely intcns~ on the axis of the neutralizer. Quantitatively, the character-
istic diameter of the laser beam must be smaller than the Gaussian diameter of
the p:lrtlcle bea,n :+nci the neutralization must be near 99% (the transmitted
ions, n, must be nenr 1% of th~ incident ions, n : n/n. E 0.01).

?
Also dis-

played in the figurt’ are two loss than ideal con iguratlons for comparison
purposes. One shows that for :1 laser beam larger than the particle beam sig-
niflr~,ltlJ more laser power 1s required. The other shows that less than 99%
nout.raliz;ltton on axis ccmfiguratlons will asymptote to a lower maximum neu-
trallzatinn fr:lct.ion. Iloth of’ these rnsults appear Intuitively correct, There
;IrI! two import.:lnt nnpects of t.hlfl flgurc thut must be noted. On(! Is that tht?
I:lser’ pow(!r la l~noarly dr?p(?ncl(?nt on the part,lcle beam dlarnetnr so the results
displ :Iy~fld :Ir(! for :1 nnmln:ll l-cm tx:nm. ‘1’ht! other is L.hnt laser powor gent?rutt!s
a spccifll!d n{!utr:ll lz;lt,lor] !’ractlon lnd(?pendent of thf! partlclc bo;lm currnnt.
Thla Iat,t,[?r’ f:tl;lrilf:t.(!rlstl(: [n :1 l:nn:](!qunncp of the F;]ct that no notic(?nhlt!

numbt!r of phofonn ;w’c Iont to Lh(! n(?utrnllzntton proc(vlo.
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{?xpectud fram lnsr=r prnc~sscu. The secon~4 is the elimination of thf’ high i~n~l~

wings in the sent L(?r”lng profllf! whi(?h are charact.erlstic of’ the collislonal

neutral Izntion. T!!cre is a vc’ry importnnt distinction between the two nnu-
tralizatinn methods th;it Is quite obvious from the Flgurc. The 1/(’ point For
both of the far firlu distrlbutlnns are quite aimil.nr In value. However,
neither of th~ dlstributlcm arli %usslan In shape, In Fact they are essen-
tially opposltf!s in Mi]r’”11’tor’, onl’ with t?xt.r(?mf?ly cxtr?nrh?d wings and the other
with a very distinctiv,*ly sh:lrp Pu!.off. [t Is i:llw’ that the simple comparison
between the bnam widths nt thl”lr l/fs lntl?nslLy points cnrr generate very mis-
leading conclusions. :jinct’ th[’ ~’ffic:wy of’ n~utrial bmrns in Lhe ~ar field is
proportional to the intensity cr r?l:rront. dclsity Lhat can ht+ Rt!nr!rated at that
point, the above cnrnpnrison illu$!Lrntnri in uig. FI and sl;mmarized in Figm 9 is
tht? more valirt on~.
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Thcr ohlnLn *lllipsold:ll gwmi:trmy of thf’ ch.unbor him some dlst[ncLive pPOp-

eptlea. One M those 1s lllustrntwl In FIE. 13 whcrm it 1s sm!n thaL the bnams
alternately pass thrnugh th(’ I*1 I tpt.lfxnl foni. This means that th~’ nuuLrall%il-
tlon oocurs prodoininrintly in two Incnt[ons. Thurf! ts : slgnifloant advantage
to the two-pojnt noutr{~lizat.lon b.c:lust? nny spltw’ chnrmge-induced divergence
should be cancclnblc~ by :ipplicat.lon of rn uxtwnnl fli~ld. The axinl vlow of
the chamber 1s displaybd In Fig. III whInh tllu~trat,?g Lhri f;ict thnt Lhc Nntpal
ray of every beam pnssos through thl’ :ixls, provln[~ thnt the highest intensity In
the chamber Is inctend on the ,lxIs rif W? nwtrillizcr.

Now that thta code iu oporatlon:il, t.huro :lri* sevizral Important iseucs that
can bu nddrm!nmd iind :inswcrod, at?vcrnl of whlf?h ilre Ilstod in Ftg. 15. Designs
of’ miiny dlffcrunt gcometrloa can lx? prepar~d nnd cnmpiired. Maximum bcnm pack-
ing dvnslty dmlr?nn nnn ho obtain~d ml t.h~’ rul:itlonohlp between the maximum
numhor of hmn pfannoa and the chamber size d~*tl~rmIned. The codu has the option
to prop;igntu M mnny tis flw rays Lo mnrc fully charnctorlz~ the liuiwr beam.
I?xiwcislng this Opt Ion will pcrmlt ov:ilunttori of the fncuslng nnd abwrratton
chnriwtcrlst.lcs nt’ ttw ctnmbcr. In mhlltlon, I.hv h)lori]nc!l’~ rv’quirud In the
miw’rufncturn, anti t.hm tnput condltiona rm~’qulrnd to ~Etiiin mnxlmum utlllziitlon of
th~~ dovim’, hcith cnn ho Waluated.
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resonator 1s very accurately exponential bver !~cveral charactcrl~ilc lifetimes.

This device is admirably suited for nrcasuring reflectlvitles in the range
between 0.999 and 0.9999.

The photos in Figs. 19 and 20 diaplny th~ laboratory in which both instru-
ments are situated, tr!e calorimeter belnK ;i vacuum box located in the back of
the raom and tho ring-down device located on the closer optical table. The
Nd:YAG laser powtiring both lnstrumf?nts is also on the optical table. The
comments made in Fig. 21 surmnarize the status of’ th~se instruments at this
present time.

A new Idea For neutralizing ion bi?ams has been generated recently which
combines some of the good f(?atures of both the laser and colllslonal schemes.
It i?mplays laseP-@nerated atomic-~x(:ltcri-states to collts~onally neutralize

th~ ions. The excited states of the atoms should have collislonal cross sec-
tlcms as fl,llch as 10 times that of tho ground-stilte at..>ms. In addition, becauae
ot’ the very high atomic optlcnl ;lb~~rption cron.!r a~ctiona, much lI?sa laser
power should be required to mnintain thl’ required exelt[!d-st:+tc? populations.
The result as stated in Fig. 2? 1s that the new scheme shc~ld require almost 10
Clmt!s less laser power and the I?fft?ctlvc! divcrgnncn of the neutral beam should
bo greatly reduced because 10 times less colllsion partners are requjrod.

Th(? Schematic of the? FroPosed process 1s displayed in Fig. 23. An atomic
tx!am is projcctcd across the path of the ion beam. The area of intersection is
lllumln;ltd un both aidns with lntl?ns? laser radiation. The illumlnntion is
sc;ll(!d to repl[?niuh fluor~!scenco 10SSSS and to ensure an adequate density of
c~xc[tf!d :Itnmsm Ih?cnusn of’ t.h~ high absorption cross section of the ground-
st;lt(? ;ltomsp L}*I? lntor3anLlon r[!g!on will be optically th!c!k iind the fluol’es-
,:l?lltm,! WI thin L}MI morllurn WI 11 bc trapped.

‘rh(’ poLlvlLl:ll iuiv;lnt:lg~!s of this c’xclted ,atom nnutralizntion iii’c Yumma-
rl;w!d In FiH. ,’U, The rr-ona m!ut.ions for (!ollislonal olectrorr ch?t.:~chmcnt
:Jhoultl lnor~”:n;(! t)y :In mu(?tl ml nn or(h!r of’ mngnltud(?. Such cnhnnc{?mr!nts of’ the

or’n:l:] :)t’(:11.m:] hwr Iwwr otxn!r’vd nt low nrm!r’gins but must be vr!rlflod iit high

nn!v-~y f’or’ LIII:I :Ippl lr::IL1’mI. ThI? lrlf!ruaood crosu w!.?tlon pi?rmltn iI propor-

Llnn;ll r(!duftllorl In l.hr’ :lLom d~!nslt,y r’~qulri?d to iichlf:vn t,hn nf!utr’nl lzntlon.
Thr! Ir]wlsr’ [1{-r]:liLy ~If’ :~t’;ll,t,w 1n~ :Il,om!l :]hnul d nl gn 1 f t cilnt I y ri!duoi~ LhIS hj Hh -

nngln :)rwtt(!rl rl~ uhll!h would Krv!:l t.] y Incronno thn Intonnlty on t.iirgr?t In thi!
f;lr flold.
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damage must be measured ta ensure the comp?.tibility of the mirrors in the
system environment. Finally, the design and :ivailability of’ high-powered
lasers must be established.

In summary, laser-based neutraliza~ion of the ion beams offers many dis-
tinct advantages over other competing technologies. Among these, as listed in
Fig. 26, are the high neutralization efficiency available with this process and
the compact beam profile which is generated which produces very high intensi-
ties W current densities in the far field. Since the beam powers dill be very
large in the proposed applications, there will be a large region in the opera-
tional space where the beam can be increased more by increasing the power to
the neutralizer lasers than the primary accelerator. The proof of’ principle of
the process can be demonstrated, at low pulse repetition rate, with presently
available high-energy lasers. High average power lasers for the eventual
process application will require significant development. The efficiency and
versatility of the laser prnc’ess makes it the most promising technology for
application to the final deployed neutral beam ger!ertator.
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FIG. 3

LASER NEUTRALIZER HAS

MANY ADVANTAGES

● Low BEAM DIVERGENCE

● HIGHNEUTRALIZATIONEFFICIENCY

● ~~c(JsABLE NEUTRALIZATION MEDIUM

e NO EFFLUENTNEAR BEAM PA1-i-!

● HIGHLEVERAGE

@ No ~LuoREscEN~E To l~Tf==FERE WITH

BEAM SENSING
CHM-VG- 7984 A



NEUTRALIZATION CHAMBER
IS AN OPTICAL RELAY SYSTEM

ION
BEAM
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APLANATIC
ACCURATELY

OPTICAL CHAMBER
RELAYS BEAM FOCUS

UNIT MAG?WiCATION
ASSURES FAITHFUL
REPLICATION OF FOCUS

CHM-VG-8001
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NEUTRALIZER LASER POWER NORMALIZED TO
PARTICLE BEAM DIAMETER

REQUIRED LASER POWER APPROACHES

/
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LASER NEUTRALIZATION DELIVERS
HIGHER INTENSITIES ON TARGET

THAN COLLISIONAL NEUTRALIZATION
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LASER NEUTRALIZATION MINIMIZES
BEAM DIVERGENCE AND INCREASES

CURRENT DENSITY ON TARGET

● PEAK CURRENT DENSITY INCREASED BY
FACTOR OF FIVE (5)

- INCREASED NEUTRALIZATION YIELDS
FACTOR OF 1.6

- REDUCED DIVERGENCE YIELDS
FACTOR OF 3.3

● POLARIZED ILLUNUNATION REDUCES
DIVERGENCE 30% FROM UNPOLARIZED

CHM-VG-11,053
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LASER NEUTRALIZATION MINIMIZES
BEAM IDIVERGENCE

EXCITATIUU ABSORPTION
WAVELENGTH CROSS SECTION

(pm) (10 ‘%mz )
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1.75
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02■

01●

DIVERGENCE
(w rad)

1.07

0.56

0.42
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THREE DIMENSIONAL OPTICAL DESIGN

CODE IS OPERATIONAL

. BEAM CONTAINMENT FOR1,023PASSES DEMONSTRATED

- CENTRAL RAY CALCULATIONS

- 5?40ECCENTRICITY ELLIPSE

Q CHAMBER DIMENSIONS 15x PARTICLE BEAM DIAMETER

- LASER BEAM DIAMETER 3/4 OF PARTICLE BEAM

● CODE VALIDITY VERIFIED BY CALCULATIONS ON SPHERICAL

GEOMETRIES

-.-e. .

.-_ L___ _ CHM– VG– 11,042



1023 PASS CONFINEMENT CAVITY
DESIGN DEMONSTRATED
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ELLIPTICAL GEOMETRY FOCUSES LIGHT
INTO CENTRAL REGION

ION
BEAM

LASER !NPIJT

o FIRST 250 PASSES OF CENTRAL RAYS
:IG.13

NEUTRAL
BEAM

CHM-VG- 11,057



CYLINDRICAL CHAMBER SENDS ALL
LASER BEAMS THROUGH CHAMBER AXIS

PARTICLE
BEAM

ENTRANCE
APERTURE

* ~ii?s~ 300 PASSES OF CENTRAL RAYS

cHM-v G-lt,058



OPERATING

ADVANCES

OPTICAL TRANSPORT CODE!

DESIGN AND OPTIMIZATION

PROGRAMS

● PERMITSDESIGN OF LARGE “PASS-NUMBER” DEVICES

- RICH GEOMETRICAL PARAMETER SPACE TO BE EXPLORED

- RAY PACKING DENSITY INCREASES POSSIBLE

. EVALUATIONOF BEAMFOCUSING

- CODE OPTJON TRACES AUXILIARY RAYS

- MULTIPLE FOCUSING AND ABERATIONS CAN BE EVALLJATED

● OPTICAL FIGUREREQUIREMENTSCAN BE EVALUATED

- FABRICATION TOLERANCES CAN BE DETERMINED

CHM-VG– 11,041



LASER CALORIMETER MEASURES
PPM ABSORPTION

I ABSORPTION
SAMPLE I

LASER
10 w

BALANCE

VACUUM
SAMPLE DE

ENCLOSURE k a

● TEMPERATURE BALANCE Gl~/s ABSORBED POWER

- ELECTRICAL POWER TO BALANCE SAMPLE EQUALS

ABSORBED POWER

- LOW MASS SUBSTRATES

- MATCHED GEOMETRIES

- LOW VACUUM / HIGH THERMAL lSOLATiON

● PPM ACCURACY FROM lop W SENSITIVITY

● MEASURED 80-120 PPM ABSORPTION

- 99% REFLECTOR :29 LAYER Zr02/Si02 ON FUSED SILICA

CHM-VG-ll ,014

Fl(; . lfl



CAVITY RING DOWN MEASURES
HICH REFLECTIVITIES

LASEF REFLECTOMETER

E/O
SWITCH

REFLECTIVITY
BY TEMPORAL

SAMPLE
TELESCOPE

AND TOTAL LOSS MEASURED
DECAY OF TRAPPED LIGHT

- EXPONENTIAL DECAY = LENGTH ; C / LOSS

- LOSS OF 10-3/ m GIVES 3 ps DECAY

SENSITIVITY LIMITED BY REFLECTOMETER
MIRRORS AND LIGHT SWITCHING

- SAMPLE LOSS MEASUREMENT LIMITED TO 100/o

OF REFLECTOMETER MIRROR LOSSES

- LIGHT SWITCH PLACED INTRARESONATOR TO KILL

LASING AND ISOLATE FLUORESCENCE FROM

REFLECTOMETER

CHM-VG-11,017

FIG. 17



REFLECTOMETER PERFORMANCE
HIGHLY PREDICTABLE AND SENSITIVE

EXCITATION
+

>
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- NO NE XPONENTIAL.
DECAY

> EXPONENTIAL
DECAY

— EXPONENTIAL
DATA FIT.“ .

.

TIME
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HIGH REFLECTIVITY MIRROR

CHARACTERIZATION REQUIRE

STATE-OF-THE-ART TECHNOLOGY

. LASER CALORIMETERMEASURE ppm ABSORPTION

- NOW OPERATIONAL

- TEST SAMPLES BEING EVALUATED

. RINGDOWN RESONATOR MEASURES TOTAL LOSS

INTHE 10-3OR LESS (0.999or greater reflectivity) RANGE

- INSTRUMENT COMPONENTS OBTAINED

- ASSEMBLY AND TEST IN PROGRESS

FIG. 21
CHM -VG -11,037



ADVANCED CONCEPT NEUTRALIZER

COMBINES ADVANTAGES OF LASER AND

COLLISION NEUTRALIZATION

LASER GENERATED EXCITED-STATE ATOMS ARE IOX

BETTER THAN GROUND STATE ATOMS FOR

NEUTRALIZATION AND USE 10x LESS LASER POWER

THAN CONVENTIONAL LASER NEUTRALIZERS.

CHM-VG -11,040
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EXCITED STATE NEUTRALIZATION

FROM
USES FOCUSED LASER EXC[TATION

\ \ PUMPS AND LOW DENSITY GAS

LASER
EXCITATION

NEUTRAL BEAM

ION BEAM

/-5= \
/

LASER \

EXCITATION

:IG. 23

DIFFUSER
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EXCITED-STATE NEUTRALIZERS HAVE LARGE

POTENTIAL ADVANTAGES

. ELECTRON DETACHMENT CROSS SECTIONS ARE PROBABLY IOXLARGER

THAN GROUND STATE

. ORDER OF MAGNITUDE COLLISIONAL ENHANCEMENTSHAVE BEEN MEASURED
AT LOW ENERGIES

. HIGHENERGY ENHANCEMENTSMUST BE VERIFIED

- GAS FLOW REDUCE BY FACTOR OF 10

● LASER ILLUMINATIONIS EFFICIENTLYUSED

GROUND STATE ATOMS (IJ, Na, etc.) HAVE HIGH Absorption CROSS SECTIONS

EXCITATIONPRESERVED BY RESONANCE TRAPPING

LASER POWER REQUIRED IS 2 kW/cm OF BEAM vs 10-20 kW/cm FOR
CONVENTIONAL LASER NEUTRALIZER

● PARTICLE BEAM DIVERGENCE IS REDUCED

GAS DENSl~ PER cm2 REDUCED BY FACTOR OF 10

CHM-VG– 11,039
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✎

LOSALAMOSPROGRAM ADDRESSES

CRITICAL ISSUES

, BEAM CONTAINMENT CHAMBER

- TRANSPORT CODE FOR HIGH F-NUMBER,
MULTIPASS OPTICAL SYSTEMS

● HIGH REFLECTIVITY MIRRORS

- COATING DEVELOPMENT

- RADIATION AND OPTICAL DAMAGE TESTING

, HIGH-POWER LASER DEVELOPMENT

CHM-VG– 9869
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●
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✃

LASER NEUTRALIZER COMPLETES

OPTIMAL BEAM SYSTEM

MORE NEUTRALBEAM CAN BE GENERATED BY
ADDING POWER TO THE
ACCELERATOR

LASER THAN TO THE

REDUCES DIVERGENCE

- ENHANCE RANGE

- REDUCE POWER

- REDUCE OUTPUT APERTURE

PROOF OF PRINCIPLE CAN BE DONE WITH
PRESENT DAY TECHNOLOGY

GREAT PGTENTIALFOR IMPROVEMENT WITH
DEVELOPMENT

CHM– VG–7993 A


